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We have studied the total cross section, Q 2 , momentum and angular distributions for pions in the 
v(y) induced ty° production from nucleons. The calculations have been done for the weak production 
induced by the neutral current in the standard model and the electromagnetic production induced 
by neutrino magnetic moment. It has been found that with the present experimental limits on 
the muon neutrino magnetic moment \i Vli , the electromagnetic contribution to the cross section 
for the 7T° production is small. The neutrino induced neutral current production of 7r°, while 
giving an alternative method to study the magnetic moment of neutrino , does not provide any 
improvement over the present experimental limit on fj, v from the observation of this process in 
future experiments at T2K and NOiaA 
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I. INTRODUCTION 




The neutral current tt° production in neutrino interactions plays an important role in the background studies of Vn 
v e oscillations in the appearance mode as well as in discriminating between — > v T and — > v s modes [J 0, 
This process can also help to distinguish between production of v T and v T in some oscillation scenarios at neutrino 
energies much below the r production threshold but above the pion threshold 5]. The recent results on neutral 
current induced pion production in neutrino oscillation experiments at K2K [y, |7[ and MiniBooNE 
generated great interest in studying these processes. In this context, the proposed experiments by T2K 
NOfA [l3| collaborations plan to study this process with better statistics. 

The neutral pions can also be produced by electromagnetic interactions if v(y) have diagonal and/or transition 
magnetic moments. This process would in principle contribute additional events to the neutral current reaction and 
would modify the energy and angular distributions of the neutral pions, which may be observed in future experiments. 
It is thus possible, in principle, to get information about the magnetic moment of neutrinos(antineutrinos) from 
studying neutral current induced ir° production from nucleons and nuclei. While the minimal extensions of Standard 
model predict very tiny diagonal magnetic moments [14j , there are models of electroweak interactions which predict 
enhanced transition magnetic moment [HI]. The present limits for the magnetic moment of neutrinos come from 
neutrino - electron scattering for and from e + e~ — > 1/P7 for v r . These limits for z/ M and v T magnetic moments are 
fi Vft < 6.8 x IO^Vb and /i„ T < 3.9 x 10"Vb 0- 

The data from neutrino oscillation experiments from Sudbury Neutrino Observatory and Su per -Kamiokande have 
also been analysed to obtain improved limits on the neutrino magnetic moments for and v T jl7l . [l8l . Il9l . [20L l2l| . A 
recent analysis of the Borexino experiment claims to improve these limits on the magnetic moments of and v T by 
3 orders of magnitude^. 

We would like to consider the possibility of obtaining new bounds on the neutrino magnetic moment using high 
statistics data on neutral current induced 7r° production from nucleons and nuclei in future experiments. Such 
a possibility was earlier discussed by Kang et al. [23j using first result on ir° production from Superkamiokande 
experiment on atmospheric neutrinos [241] . 

We study in this paper, the 7T° production induced by weak neutral current and magnetic moment interaction 
of neutrinos and antineutrinos in the energy region of few GeV, relevant for K2K, MiniBooNE, T2K and NOz^A 
experiments. 

In Sec. II, we give the formalism and present our results for the total cross section a, Q 2 distribution (^p), 
momentum distribution (^-) and angular distribution( dc ^ e — ) for tt° in Sec. Ill, where we also discuss the possibility 
of obtaining improved limits on v(y) magnetic moments. 



II. FORMALISM 



In the energy region of one GeV relevant for atmospheric neutrinos and present accelerator neutrino experiments 
the dominant process of pion production is through the excitation of A resonance and its subsequent decay to pions, 
i.e. 

vN -> z/A -> vNtt . (1) 
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FIG. 1: Feynman diagram for the process v 




The differential scattering cross section for the reaction v{k) + p{p) — > f(fc') + 7r°(fc 7r ) shown in Fig.l. is given 

by 
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where Pi{— k+p) and p/(= X^=i Pj) are tne four momenta of the initial and final states, respectively. The transition 
matrix element M. is written using 
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for the weak ZNA interaction and 
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for the strong 7riVA interaction. ^ is a Rarita-Schwinger field for spin-| particle, is the isospin transition operator, 
<j> is the pion field. 

The matrix element of the leptonic current l a and the hadronic current j a are defined as 



and 



u(p) is the Dirac spinor for the proton. 



<k\l a \k' >= u(k') 7 a(l - 7 5 )«(k), 
< A{P)\j a \p >= * () (P)O f>a u(p) 



O f3a = (1 - 2sin 2 6 w )O v a + O / for the neutral current process with O f y a and O^* given by 



and 
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where CY (q 2 ) and Cf{q 2 ) are the vector and axial vector transition form factors, and 9w is the Weinberg angle 
(sin 2 9w— 0.23122). q(=fc — fc') is the four momentum transfer. M is the mass of the nucleon. 

Using Eqs. (3)- (6) the matrix element for the process v + p^v+p + ir in the A dominance model is written as 



M 



fi 



(9) 
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FIG. 2: Total scattering cross section for the reaction v + p — > v + p + n induced by weak neutral current and the magnetic 
moment induced processes. 



where y | has appeared because of the isospin factor coming at the vertex A + — * pn . Gp(= 1.16637 x 10 5 GeV 2 ) 
is the Fermi coupling constant. 

T" 7 ^ is the A propagator in momentum space given by 

v ° = P 2 -Ml + zM A r' (10) 
where P is the spin-3/2 projection operator given by 

P- . £ ,V . (/P+ M 4 > (p- - ^ + i^jp^ - ItV) , (ID 

spins / 

and the delta decay width T is taken to be an energy dependent P-wave decay width taken as 

1 ( IttNa\ 2 M { _ 3 



W = F P ^{Qcmf- (12) 
67T \ / W 

1 9cm I is the pion momentum in the rest frame of the resonance and is given by 

^(W 2 -ml- M 2 ) 2 - AmlM 2 
\Qcm\ — ^7 ! 

with W as the center of mass energy. 

If the reaction shown in Eq.(l) is induced by neutrino magnetic moment then the matrix element given by Eq.(9) 
would modify to 

2 / kNA - f t\ J.O--7-) ^)\c 

\ 3~ 

where 



Mfi = \ -^u(p')KV^O^ll m u(p), (13) 



I™ = tffuW^qpuQt), (14) 

with fifff as the effective magnetic moment of the neutrino, which is given in terms of the magnetic moments of the 
mass eigen states and oscillation probabilities that depend upon the specific oscillation models used for analysing the 
neutrino oscillation experiments [TtI EH [H, H3> HH • We have taken the following form of the N — A transition form 
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FIG. 3: Q distribution for the weak neutral current and the magnetic moment induced processes at E v = lGeV. 
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FIG. 4: Pion momentum distribution for the weak neutral current and the magnetic moment induced processes at E v = lGeV. 
factors 12a 



D, 



Cf(0) + /• 



(1 ^ k 



(1 



4M 2 ' 

Q 2 



0.776M 2 



i = 3,4 



)" 1 ; i = h 



(15) 



C 3 y (0) = 2.13, C 4 V (0) = -1.51, 



C 5 y (0) = 0.48 



where M\r{— 0.84GeV) is the vector dipole mass. 
The axial vector form factors are parametrised as 



M A 
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FIG. 5: Pion angular distribution for the weak neutral current and the magnetic moment induced processes at E v = lGeV. 

Ci{Q*) = -?Ml,c£{<S) = 1.2, 



M 2 



m 2 +Q 2 



where Ma(— 1.05Gel^) is axial vector dipole mass. 

The differential scattering cross section ggs^f is calculated using Eq.(2), and is written as 



d 5 a 



1 7T Ifc'll/cJ 



1 



fi\ 



dQH^d Pl (4tt)5 E v E, ME v e , +E „(l- f-coa(O vq )] 
where \k v \ is the pion momentum. Similarly we get an expression for the pion distribution using Eq. (2). 



(17) 



III. RESULTS AND DISCUSSIONS 



The numerical results for the total cross section a, the differential cross sections 



— — yr , . da a — and 4 s - for the neutral 

aQ z 1 acos&Ttq dp^ 

current production of 7r° induced by neutrinos (antineutrinos) are presented in Figs. 2-5 along with the contributions 
of the electromagnetic production induced by the neutrino(antineutrino) magnetic moment. For the neutral current 
production, the numerical values of the vector and axial vector form factors given in Eqs. (fT5|) & (fT6|) have been used 
while for the electromagnetic production the numerical values of the vector form factors given in Eq. (|15j) along with 
the neutrino magnetic moment [fj* = 6.8 x 1CP 10 ^b is used. A momentum dependent strong form factor with 
/ttA'A^t) = 2.12 [26| has been used in numerical calculations. 

We show in Fig 2., the total cross section a, for the neutral current induced v{p) production of 7r°. The present 
results are in agreement with the results of Leitner et al. [I?) and also with the results of Hernandez et al. [28[ if their 
values for the parameter C^(0) and Ma are used but are in disagreement with results of Kang et al.[23| who find a 
smaller value for a. We also show in this figure, the total cross section a for electromagnetic production of 7r° induced 
by neutrino magnetic moment which is in agreement with the results of Kang et al. [23| if neutrino magnetic moment 
/xj = 6x 10~ 9 /is as used by them is taken. We see in Fig. 2. that with the present limits on the magnetic moment 
of v^, the electromagnetic production of 7r° is 10 -3 times smaller than the neutral current induced ir° production. It 
is, therefore, not feasible to improve the present limit on neutrino magnetic moment from 7r° production cross section 
measurements as earlier expected from the work of Kang et al. [231 ]. 

In Figs. 3-5, we also show the differential cross sections 4rn j a — an d -r 2 - for the neutral current induced tt° 

production by v and T> as well as the ir° production induced by magnetic moment of v(p). The present experiments 
at MiniBooNE [8j see neutral current induced 7r° events of the order of 2.8 x 10 4 which can be further increased by 
an order of magnitude at T2K and NO^A. These pions are produced on nuclear targets like 12 C. In the case of 
nuclear targets, there are incoherent as well as coherent production of tt° which have different angular and momentum 
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distributions. An analysis of these experiments in order to study the neutrino magnetic moment would require an 
understanding of nuclear effects in the incoherent and coherent production of 7r° induced by the neutral currents as 
well as by the neutrino magnetic moment on nuclear targets in the energy region of 1 GeV. 

We would like to conclude that it is possible in principle to study the neutrino magnetic moment from the observa- 
tions of neutral current induced 7r° production from nuclear targets in the near detector in future neutrino oscillation 
experiments by T2K & NO^A collaborations. However, with the present limits on the magnetic moment induced 
7T° production cross sections are quite smaller then the weak neutral current induced cross sections. It is, therefore, 
not a feasible method to constrain the neutrino magnetic moment beyond the present experimental limits. 
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